Background: Body weight is at least partly controlled by the choices made by a human in response to external stimuli. Changes in body weight are mainly caused by energy intake. By analyzing the mechanisms involved in food intake, we considered that molecular diffusion plays an important role in body weight changes. We propose a model based on Fick's second law of diffusion to simulate the relationship between energy intake and body weight. Results: This model was applied to food intake and body weight data recorded in humans; the model showed a good fit to the experimental data. This model was also effective in predicting future body weight.
Background
Body weight change is a complex behavioral response associated with appetite regulation and energy metabolism [1] . Although changes in body weight involve genetic, metabolic, biochemical, cultural and psychosocial factors, the two main factors that regulate body weight are food intake and energy expenditure [2, 3] . In recent years, mathematical models have become increasingly used in medical research. These models have helped researchers to develop new ways of dealing with animal behaviors. In terms of body weight, behavioral economic models have been developed to address the effects of environmental factors on energy intake and body weight [4] . A series of experimental studies have also been conducted to develop mathematical models to describe the physiological basis of body weight. In fact, these models can quantitatively address the metabolic processes underlying body weight changes and can be used to aid body weight control [5] [6] [7] [8] . A mathematical model has also been proposed to address the molecular mechanisms underlying body weight, although the validity of the model has not been verified experimentally [9] .
In this paper, we examined the impacts of energy intake and energy expenditure on body weight. Neuropeptides are small protein-like molecules released by neurons to communicate with each other. These neuronal signaling molecules influence specific activities of the brain, including control of food intake [1, [10] [11] [12] . Neuropeptides are expressed and released by neurons, and mediate or modulate neuronal communication by acting on cell surface receptors. They have a long halflife, show high affinity for their receptors, and reach their target by diffusion, often over a long distance [13] [14] [15] . More specifically, food intake can induce the synthesis of specific neuropeptides that diffuse to activate metabolic processes [10] . Considering the above discussion on the neural regulation of obesity, it seems likely that the molecular mobility (diffusion) of neuropeptides, for example, plays an important role in body weight regulation. In other words, the body converts food stimuli to molecular signaling processes. The molecular mobility of body weight control is at least partly explained by the diffusion of molecules inside or outside of neural cells. Accordingly, changes in body weight are influenced by molecular movements driven by energy intake. Fick's second law, also known as the diffusion equation, describes non-steady-state diffusion, and is typically used to model molecular mobility [16] . Therefore, we can use the molecular diffusion model to describe body weight behavior, replacing molecular concentration with calorie intake as the driving force in this process. It is known that some biological molecules are synthesized at high concentrations and subsequently affect the concentrations of other molecules by diffusion, until the resulting behavior is established. Therefore, we incorporated the diffusion equation as a model of body weight control and validated this model using experimental data. Because the diffusion equation is nonlinear, the correct parameters can be obtained by global optimization.
In summary, we propose a model in which body weight control is derived from molecular diffusion. We also quantitatively investigate the relationship between energy intake and body weight, by applying Fick's second law of diffusion in combination with a mathematical algorithm. Validation of the model with experimental data obtained from humans showed that the model dynamically simulates changes in body weight and energy intake very well. This model is suitable for describing the relationship between energy intake and body weight.
Results and discussion

Body weight change: a molecular diffusion based process
Because molecular mobility is accompanied by energy transference, we can describe molecular diffusion with energy diffusion. The human body obeys the law of energy conservation [7] , which can be expressed as
where ρ is the energy density of body mass, V is the body mass, E is the net energy intake, t is the time. Suppose J is energy flux (amount of energy per unit area per unit time in direction x), p is the energy density of body fat mass. For healthy adults (18-59y), body weight changes largely due to fat mass (FM) [17] , so d (ρ*V) is approximately equal to p*dV. We have
and
where D is energy diffusion coefficient. Substituting Equation 2 and Equation 3 into Equation 1 leads to the following equation:
Equation 4 is actually the form of Fick's second law of diffusion.
In the initial conditions where t = 0 and x > 0, then V = V 0 . In marginal conditions where t > 0 and x = 0, then V = V s . When t > 0 and x = ∞, V = V 0 . V 0 is the initial body mass, V s is the body mass transformed from energy intake. Therefore, the solution of Equation 4 is:
can be rewritten as the following equation:
From the above discussion, we can know the body weight change process is a diffusion process driven by energy intake.
Fitting and the model to experimental data and validation
As described above, changes in body weight can be explained by molecular movement driven by energy intake. Considering that body weight change mimics molecular diffusion, and that diffusive processes are involved in body weight changes at the cellular level, this behavioral activity can be described by Equation 6 .
To use the molecular diffusion based model to describe the relationship between energy intake and body weight, because distance x represents body attributes, it is set as a constant in this model. In this way, Equation 6 can be rewritten as:
where f(t) = body weight, b = initial body weight, l = energy intake, t = time of feeding, and α and β are constants. If t > 1, this formula can be rewritten as follows:
where l(t) = energy intake, with other parameters identical to those in Equation 7. Equation 8 can then be applied to simulate experimental data and its validity tested against reference data (in this case human body weight). To best estimate the model parameters, ISCEM algorithm was adopted because this algorithm can not only estimate parameters in complex functions but also conduct global optimization [18] . Energy intake and body weight were recorded for humans in an earlier study [19] . If the experimental data and model-derived data show a good fit, we can conclude that the model is suitable to describe the relationship between energy intake and body weight.
Simulation of body weight change using the developed model
Using the experimental data recorded over 24 weeks (Table 1 ) and the ISCEM algorithm, the following constants were obtained:
Entering these constants yields the following equation:
Using Equation 9, we can estimate daily body weight from week S1 to week S24. The model-generated body weight data are plotted alongside the actual experimental data in Figure 1 . The determination coefficient (R 2 ) for this plot was 0.99666, which indicates that the modelgenerated data closely match the experimental data. Comparison between the actual experimental body weight and model result of each subject is shown in Appendix A.
Model validation and body weight prediction
We next sought to validate the model. To achieve this, body weight measured between week S1 and week S12 from Table 1 were entered into the ISCEM algorithm, which yielded the following constants:
Entering these constants into Equation 8 yields the following equation:
Using Equation 10, it is possible to estimate the daily body weight from week S1 to week S12. The model-generated data are plotted alongside the experimental data in Figure 2 . R 2 for this model was 0.98499, indicating very close fit between the model and the experimental data.
Finally, we used this model with the parameters based on the experimental data for weeks S1-S12 to predict body weight change between week S13 and week S24. The body weights predicted for weeks S13-S24 and the corresponding experimental data are plotted in Figure 3 . The R 2 for this model was 0.94229, indicating the model satisfactorily fits the experimental data. Confidence intervals for predicted body weight of each subject were provided in Appendix B.
Methods
Ethics statement
Because human data were used, approval was obtained from Wuhan University of Technology's Ethics Committee. This research was based on experimental data from literature [19] . As such, no consent statement for participation is required.
The Minnesota starvation study
The study reduced the energy intake of 32 male conscientious objectors (20-33 y old, mean 25.5 y) to decrease body mass comparably to severely undernourished prisoners of war with the aim of testing methods for rehabilitating starved men. The study included a 12-week control phase (weeks C1-C12), 24 weeks of energy restriction (weeks S1-S24), and 20 weeks of recovery (R1-R20). During weeks C1-C12, energy intake was adjusted to bring individuals towards the group norm, based on weight for height, with a mean weight loss of 0.80 kg. Physical activity included 22 miles per week of outdoor walking and additional walking on campus, plus custodial Figure 1 Comparison of experimentally recorded and model-generated group's body weight of humans (weeks S1-S24). Asterisks, experimentally recorded data; circles, model-generated data.
Figure 2
Comparison of experimentally recorded and model-generated group's body weight of humans (weeks S1-S12). Asterisks, experimentally recorded data; circles, model-generated data.
duties. All subjects were also required to walk at 3.5 miles per hr for half an hr per week on a motor-driven treadmill with a 10% grade. The control diet contained about 100 g of protein, 400 g of carbohydrates, and 130 g of fat. Energy intake averaged 3,492 kcal/d (14.62 mJ/d) for the last 3 control weeks, during which group weight declined only 0.3 kg. From then on, subjects were fed at a level that was expected to cause a 24% group average decrease in body mass during the next 24 weeks. Weight loss was induced by reducing food intake to two daily meals with 51 g of protein, 286 g of carbohydrates, and 30 g of fat, with 3 basic menus consisting of cereal, whole-wheat bread, potatoes, turnips, and cabbage, supplemented by scant amounts of meat and dairy products. During the entire starvation period, walking 22 miles a week and custodial work remained mandatory [19] . Total Energy Expenditure (TEE) includes two major parts: Resting Energy Expenditure (REE), the amount of calories needed to maintain basic body systems and body temperature at rest; Activity Energy Expenditure (AEE), the amount of calories used during activity [20] . Net energy intake is the difference between food intake and TEE. Although TEE was not measured in the Minnesota starvation study, TEE can be obtained through calculating REE and AEE [19, 21] .
Some useful data are shown in Table 1 .
ISCEM algorithm: an improved SCEM-UA algorithm
The shuffled complex evolution metropolis algorithm (SCEM-UA) is a global-searching algorithm developed by Vrugt JA et al. [22] . The SCEM-UA method adopts Markov Chain Monte Carlo theory (MCMC) and uses the Metropolis-Hastings algorithm (MH), replacing the Downhill Simplex method, to obtain a global optimal estimation. Although SCEM-UA can successfully obtain the global optimal solution, its performance depends on correct setting of the minimal and maximal limits. In the current study, we improve the SCEM-UA algorithm so that it can optimize the parameter searching space and obtain the optimal solution. This improved algorithm is termed the ISCEM algorithm. Suppose ŷ = η(ξ|θ), where ŷ is an N × 1 vector of model predictions, ξ is an N × n matrix of input variables and θ is a vector of n unknown parameters. The SCEM-UA algorithm is given below:
(1) To initialize the process, choose the population size s and the number of complexes q. The algorithm tentatively assumes that the number of sequences is identical to the number of complexes. Prediction of group's body weight during weeks S13-S24 based on actual experimental data from weeks S1-S12. The actual experimental data in weeks S13-S24 are also shown. Asterisks, actual experimental data; circles, model-generated data.
starting points of the parallel sequences, S 1 ,S 2 ,. . .,S q , such that S k is D[k,1:n + 1], where k = 1,2,. . .,q. (4) Partition D into q complexes C l ,C 2 ,. . .,C q , each containing m points, such that the first complex contains every q(j − 1) + 1 ranked point, the second complex contains every q j À 1 ð Þþ2 ranked point of D, and so on, where j = 1,2,. . .,m. (5) Initialize L,T,AR min , c n . For each C k , call the SEM algorithm [22] and run it L times; (6) Unpack all complexes C back into D and rank the points in order of decreasing posterior density. (7) Check Gelman and Rubin (GR) convergence statistic. If convergence criteria are satisfied, stop; otherwise, return to step 4.
The ISCEM algorithm is given below: 
Conclusions
In this paper, we have shown that energy intake and energy expenditure in humans can be simulated using a mathematical algorithm based on molecular diffusion. In the model, only the effects of calorie intake on body weight are considered; other variables that may affect body weight are included as constants. This is because the internal and external environmental factors that may influence body weight can be assumed to be stable when environment is stable. In fact, as shown here, if these factors are kept relatively stable, the prediction of body weight based on energy intake and defined constants matches closely with experimental data.
In this model, only the general relationship between energy intake and body weight was examined. We believe this model will provide new insights into the mechanisms underlying body weight control. In future studies, more information is needed to examine the impact of neuronal signaling mechanisms that control body weight on this model. Appendix Appendix A Table 2 2) R 2 is determination coefficient.
3)The experimental data of Subject 130 is not fulfilled. It shows this subject is a special case.
Appendix B Table 3   Table 3 Confidence interval of estimation (Confidence level is 95%)
Week
Weight(kg) S13 S14 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 The authors propose an interesting model between Energy intake and body weight based on Fick's second law of diffusion. This is an important are of research and the present article provides an interesting contribution to this research area and can provide new insight into the body weight mechanisms. The work justifying the use of Fick's second law of diffusion went to a substantial justification and it is well motivated and explained. The referee agrees with the authors that there should be an investigation of the model. The referee recommends that a major revision of the paper is required in order to be published in the Biology Direct.
The main issues are outlined as follows.
• In the results section, the authors did not fully disclosed their hypotheses that the energy density of body mass is independent of time. They needed this fact to arrive at their model equation (4). This is not supported by the previous discussion and it is big hypotheses that needs more explanation.
Author reply: Generally, for adult men (20-33y) in the Minnesota human starvation study, the change in body weight is largely due to fat mass (FM), but not fat-free mass(FFM). As we can see from Kyle et al., fat-free mass does not change much at middle age (from 18-34y to 35-59y), especially when compared with fat mass which changes significantly during the same period [17] . Considering that the energy density of FM is much higher than that of FFM, the energy change is largely decided by change in FM. Thus, the change in energy intake, d(ρ*V), is approximately the change in energy in fat mass, which can be represented as p*d(V), in which p is the energy density of fat mass. The energy density of fat mass is supposed to be a constant, so we think the formula d(ρ*V) = p*dV is valid and the possible error here won't affect our conclusion significantly.
• In the section titled simulation of body weight change using the developed model, it is unclear how the authors obtained the experimental data.
Author reply: Total Energy Expenditure (TEE) includes two major parts: Resting Energy Expenditure (REE), the amount of calories needed to maintain basic body systems and body temperature at rest; Activity Energy Expenditure (AEE), the amount of calories used during activity [20] . Net energy intake is the difference between food intake and TEE. Although TEE was not measured in the Minnesota starvation study, TEE can be obtained through calculating REE and AEE [19, 21] .
REE is calculated from Basal oxygen (cc/min) and kcalorie equivalent per cc/ min. The daily energy expenditure at rest converts cc of oxygen/min into liters of oxygen/day, multiplied by the kcalorie equivalent of oxygen. The caloric equivalent of each cc of oxygen consumed in the resting state is calculated on the basis of Thorne Martin Carpenter' s 1921 table [19] . [21] . When a 54 kg subject walks at 3.5 mph for half hour per week on a treadmill, his energy expenditure is 4.2 kcal/min. The group' s energy expenditure is (52.57/54)*4.2*30/7 = 17.52 (kcal/day) [21] . These two parts of walking energy expenditure added, we can know AEE is 237.62 kcal/day. So at S24, TEE is 1231.83 kcal/day, net energy intake is 409.8 kcal/day.
From their work, in page 8 below equation (9), the authors state that they simply generated data from their own model and use that same data to validate the model. Such approach is circular and does not support the model validation. It simply shows that the ISCEM algorithm is working properly.
The authors must validate their model using the actual experimental data which they display in Table 1 . Using the data from the Minnesota human starvation study, the authors need to estimate the parameters of their model, plot the actual results against the model predictions and report the R 2 value.
Author reply: In fact, we actually estimated the model parameters using the experimental data from Table 1 . We actually used the experimental data from Table 1 to validate the model. We also plotted the actual experimental results against the model predictions and reported the R 2 value.
• Finally, the authors need to better explain how the ISCEM algorithm works and how is the SCEM-UA algorithm optimizing the parameters in their nonlinear problem. Author reply: Corrected.
Reviewer 2 (Prof. Yang Kuang)
This paper address an interesting but potentially controversial modeling problem that due to the quality or simplicity of the data, may be modeled by other simple or simpler models. There seems to be no real difficulties in fitting the data sets used in the three Figures. For example, using the first few weeks' data, we can find a energy and mass conversion rate for each subject and then use their weekly Total Energy Expenditure (TEE) to predict their weekly weight. Maybe the authors can comment on why such a simple and intuitive approach was not explored?
accompanied by energy transference, we then describe the molecular diffusion based process with energy diffusion. Our purpose is not to do data fitting exercise, but to use the data from the Minnesota human starvation study to verify the validity of our molecular diffusion based model. Furthermore, this data fitting exercise leaves a lot to be desired: e.g., only the mean body weight over time were analyzed, as presented in Figures 1-3 ; no body weight changes from individual's baseline was analyzed; and no statistical analysis, such as confidence intervals, for predicted body weight changes were provided.
